Introduction
The motor homunculus of the human brain-seen in virtually every textbook of psychology and neuroscience-is based in large part on neurosurgical studies of electrical stimulation of the awake human brain carried out by Penfield et al. in the 1930s and 1940s (Penfield and Rasmussen 1950 Penfield and Roberts 1959) . Neuroimaging studies during the last 2 decades have provided a general validation for the organization of the primary motor cortex of the human precentral gyrus (PcG) into 3 broad domains dorsoventrally: a leg area, a hand area, and a face area, respectively. In Penfield and Rasmussen's work on the control of speech, they described a sequential dorsoventral organization for the lips, jaw, tongue, and pharynx, respectively. However, they claimed to be unable to reliably localize the motor area for vocalization (i.e., the generation of a ''vowel cry''), showing this function to overlap areas for articulation in an idiosyncratic manner across subjects: ''. . . although vocalization may occur as an isolated response to stimulation, and consequently might be expected to have a constant sequential position in relation to the lips and tongue, we are forced to conclude that its representation really overlaps that of lips, jaw, and tongue movement'' (Penfield and Rasmussen 1950, p. 91 ). In addition, Penfield's studies of vocalization never really established the link to laryngeal function per se. Thus, the motor homunculus, since its creation, has lacked a specific region for the control of the vocal folds of the larynx.
Such a region would have to regulate intrinsic vocal-fold muscles operating along 2 major dimensions. One dimension involves the opening (abduction) and closing (adduction) of the glottal space, whereas the other involves tensing and relaxing of the vocal folds for the purpose of pitch modulation. Adduction of the vocal folds-as produced by the lateral cricoarytenoid muscle under the influence of branchiomotor laryngeal neurons originating in the nucleus ambiguus of the medulla-is a required step in vocal production; phonation through vocal-fold vibration cannot occur unless the vocal folds are in an adducted position. But adduction also occurs during a host of nonvocal processes in which glottal closure is necessary, such as during childbirth, defecation, coughing, throat clearing, and the lifting of heavy objects (Seikel et al. 2005) . One clinical use of vocalfold adduction occurs during the Valsalva maneuver, in which forced expiratory movement against a closed glottis is used to assess autonomic control of cardiovascular function (Felker et al. 2006 ).
In the current study, we used functional magnetic resonance imaging (fMRI) to examine laryngeal function both in the absence and presence of vocalization, with a focus on the intrinsic musculature of the larynx. For the nonvocal task, we had subjects perform simple vocal-fold adduction (so-called ''glottal stops''). This, then, was compared with a vocal counterpart in which subjects vocalized at the same rate using a central vowel. A major goal of the study was to define a somatotopic location for the larynx area, especially given the uncertainties presented in the work of Penfield. Hence, we included the conditions of lip movement and tongue movement because these effectors have well-established locations in the human homunculus, with the lip area being generally dorsal to the tongue (Penfield and Rasmussen 1950; Hesselmann et al. 2004 ).
Materials and Methods

Subjects
Sixteen subjects (8 males, 8 females), with a mean age of 28.4 years (ranging from 21 to 49 years), participated in the study after giving their informed consent (Clinical Research Ethics Board, University of British Columbia). Each individual was without neurological or psychiatric illness. Subjects were all fluent English speakers but were unselected with regard to either native language or handedness. Three of the subjects were left-handed, and all of them were native speakers of languages other than English (viz., Italian, Polish, or Urdu). One native Japanese speaker was right-handed.
Tasks
Subjects performed 6 oral tasks (1 task per fMRI scan), each one according to a simple blocked design of 16 s of a resting condition and 16 s of an oral task. The task order was randomized across scans. All tasks were performed with the eyes open. For the purposes of this article, 4 tasks of interest are described. 1) ''Phonation'' (vocalization) using the schwa vowel. Subjects were instructed to sing the first 5 notes of the major scale (in a register of their choice) using the schwa vowel, with the teeth together but with a very small lip opening to permit oral air flow and avoid humming. Hence, articulatory changes should have been minimal within the task blocks, as well as between the task and rest blocks; in fact, this is the most purely phonatory task of any vocalization task described in the literature. After each 5-note cycle, subjects were to take a gentle, controlled inspiration through the mouth. The recommended rate of vocalization was 1 Hz. 2) ''Glottal stops''. Subjects were instructed to perform glottal stops (i.e., forced adduction of the vocal folds) with the teeth together and the lips slightly cracked and to do so as breath phrases of 4--6 glottal stops followed by a gentle, controlled oral inspiration. The recommended rate of vocal-fold adduction was 1 Hz. Subjects were trained to the point that they could produce glottal stops comfortably in the absence of any voicing. 3) ''Lip protrusion.'' Subjects were instructed to pucker their lips and then return them to a resting position and to do so at a rate of roughly 1 Hz. They were encouraged to make a small gesture and to avoid contracting other facial muscles. 4) ''Vertical tongue movement'' within the mouth. Subjects were instructed to move the tip of their tongue from the floor of the mouth to the hard palate with the lips together but with the teeth just slightly separated so as to create adequate space for tongue movement. The recommended rate was 1 Hz. Subjects underwent a 30-min training session on a day prior to the scanning session in order to learn how to perform the tasks in a highly controlled manner with a minimum of head or body movement. On the day of the scan, all the tasks were practiced again prior to entry into the scanner. We did not record behavioral performance in the scanner. During the debriefing after the scan, no subject reported having problems performing any of the tasks.
Magnetic Resonance Imaging
Magnetic resonance images were acquired with a Philips Achieva 3-Tesla Magnetic Resonance Imaging (MRI) at the MRI Research Centre of the University of British Columbia in Vancouver. The subject's head was firmly secured using a custom head holder and ''memory'' pillow. Earplugs were used to help block out scanner noise. Subjects performed each task as 16-s epochs of an oral task alternating with 16-s epochs of rest. During each task epoch, the name of the task (''Lips,'' ''Glottal Stops,'' etc.) positioned above a crosshair was projected from an LCD projector onto a screen mounted at the head of the MRI table, with an angled mirror on the head coil reflecting text from the screen into the participant's field of view. During the rest periods, the word ''Rest,'' positioned above a crosshair, was projected onto the screen. Subjects were to keep their eyes on the crosshair at all times. All stimuli were created and presented using Presentation software (Neurobehavioral Systems, Albany, CA).
Functional images sensitive to the ''blood oxygen level--dependent'' (BOLD) signal were collected with a gradient echo sequence (repetition time = 2000 ms, echo time = 30 ms, flip angle 90 degrees, 36 slices, 3 mm slice thickness, 1 mm gap, matrix = 80 3 80, field of view = 240 mm, voxel size 3 mm isotropic), effectively covering the whole brain (145 mm of axial extent). A total of 192 brain volumes were acquired over 6 min and 24 s of scan time, corresponding with 12 alternations between 16-s epochs of rest and 16-s epochs of task.
Image Analysis
Functional images were reconstructed offline, and the scan series were realigned and motion corrected using the methods in SPM2 (Wellcome Department of Cognitive Neurology, University College London, UK), as implemented in Matlab (Mathworks, Natick, MA). Although subject motion was a concern for this study, analysis of the realignment parameters indicated that translation and rotation corrections did not exceed an acceptable level of 1.5 mm and 1.5 degrees, respectively, for any of the participants. Following realignment, a mean functional image was computed for each run. The mean image was normalized to the Montreal Neurological Institute (MNI) template (Friston, Ashburner, et al. 1995; Friston, Holmes, et al. 1995) , and this transformation was then applied to the corresponding functional series. The normalized functional images (4 mm isotropic voxels) were smoothed with an 8-mm (full-width-at-half-maximum) isotropic Gaussian filter. The BOLD response for each task block was modeled as the convolution of a 16-s boxcar with a synthetic hemodynamic response function composed of 2 gamma functions. Beta weights associated with the modeled hemodynamic responses were computed to fit the observed BOLD-signal time course in each voxel for each subject using the General Linear Model, as implemented in SPM2. Each subject's data were processed using a fixedeffects analysis, corrected for multiple comparisons using family-wise error, with a threshold of P < 0.05 (t > 4.99) and no extent threshold. Contrast images for each task-versus-rest analysis for each subject were brought forward into a random-effects analysis, where a significance level of P < 0.025 was employed (''false-discovery rate'' correction for multiple comparisons for the whole brain; Genovese et al. 2002) and no extent threshold. The critical t value varied across contrasts: t > 3.96 for glottal stops and phonation, t > 4.36 for tongue movement, and t > 4.47 for lip movement). MNI coordinates were converted into the coordinates of Talairach and Tournoux (1988) using a nonlinear transformation, as implemented in the WFU PickAtlas (Maldjian et al. 2003) and based on the method of Brett (http://imaging.mrc-cbu.cam.ac.uk/ imaging/MniTalairach), except for the case of the cerebellum, where MNI coordinates are retained. This was because of errors incurred by coordinate conversion.
The peak locations were determined using SPM's Volume command. Several of the larger clusters had multiple significant voxels, anywhere between 2 and 10. Voxels that were directly adjacent to the peak voxel and were in the same functional domain (same gyrus and Brodmann area) were generally not reported separately, whereas those that were in distinct functional areas (either different gyri or Brodmann areas or both) were reported as additional coordinates.
Results
Two principal findings are reported here. First, the peak activations in the motor cortex for glottal stops and those for phonation were virtually identical in each of the 16 subjects, thus arguing that there is a common motor region underlying adduction/abduction and tensing/relaxing of the vocal folds, the major functions of the intrinsic musculature of the larynx. We refer to this general region as the larynx/phonation area (LPA) of the motor cortex. There were 2 sets of activation peaks bilaterally (see Fig. 1 and Table 1 ): a ventromedial peak located deep in the central sulcus that corresponds with Brodmann area 4p and a dorsolateral peak located in area 6 which is more superficial. These 2 LPA peaks outline a kind of wedge, extending from a sulcal position ventrally to a gyral position dorsally and anteriorly. These data replicate a similar 2-peak organization for the M1 activations reported by Wilson et al. (2004) for monosyllable production but extend it to a nonvocal laryngeal task. Supplementary Figure 1 shows data for the glottal stops task for 2 single subjects registered onto their own anatomical MRI's, demonstrating that the ventromedial peak is deep in the central sulcus and that the dorsolateral peak is more anterior and gyral. Subject 11 shows a clear distinction between the 2 peaks (see the slice at y = -8), whereas subject 10 does not. Table 1 and Figure 2 show the overwhelming similarity in the activation patterns for glottal stops and phonation even outside the motor cortex, the principal exception being temporal-lobe auditory areas, which were active during phonation but not glottal stops (although individual subjects did show activation here, as can be seen in Supplementary Fig. 1 ). These included regions of the right superior temporal sulcus that have been implicated in voice perception (Belin et al. 2000 (Belin et al. , 2002 . The one superior temporal region that did show activity in the group analysis during glottal stops was the area known as ''cortex of the dorsal Sylvian fissure at the parietal-temporal junction'' (Spt), at the temporoparietal junction. This area has been implicated in audiomotor integration for vocal production, as shown by its activation during vocal imagery (Hickok et al. 2003) as well as musical discrimination tasks (Brown and Martinez 2007) . Our results show for the first time that this area can be activated in the absence of vocalization, vocal imagery, or strong auditory stimulation. As shown in Table 1 and Figure 2 , Spt activity was significantly stronger during vocalization than during vocal-fold adduction alone. It is unclear if this effect was due to auditory stimulation, increased laryngeal activity (e.g., recruitment of the cricothyroid muscle), or some sensorimotor interaction between the two.
The second principal finding is that the human LPA, instead of being located ventral to the tongue area-as is suggested in several sources Fong et al. 2004; Duffy 2005; Ludlow 2005; Guenther et al. 2006 )-is instead located in a dorsal position directly adjacent to the lip area in all 16 subjects (see Fig. 1 ). The M1 activations for lip movement gave 2 bilateral regions of activation (Table 2) : a unique anterior peak in area 6 at -57, 4, 35 and 61, 6, 33 and a posterior peak in area 4 at -51, -12, 34 and 57, -10, 32 which was quite proximate to one of the foci for tongue movement at -63, -10, 28 and 57, -12, 32 (see Hesselmann et al. 2004 , for a discussion of lip/tongue overlap in this general region). Looking at a comparison to the larynx data, the ventromedial LPA peak was situated medial to the common lip/tongue peak, whereas the dorsolateral LPA peak was dorsal to the unique anterior lip area (see Fig. 1 ). Hence, the human larynx area appears to have a novel localization next to the articulators, being much further away from the pharynx area than might be expected based on somatotopic considerations alone.
Looking to the presumed human homologue of the monkey larynx area-the so-called Rolandic operculum, at the confluence of Brodmann areas 6, 4, and 43-we saw a minor lefthemisphere activation for the glottal stops task at -57, -11, 14 (see Table 1 and Fig. 2 ). However, we did not see any activity here for phonation. By contrast, we saw large, highly significant bilateral activations in this region for tongue movement at -63, -10, 16 and 66, -8, 21, with much weaker, though bilateral, activity for lip movement at -60, -13, 19 and 57, -15, 19. Hence, the Rolandic operculum contains, at least in part, the ventral portion of the somatotopic tongue and lip representations and therefore functions more related to articulation than phonation. In addition, there is neuroimaging evidence for activity in this general region during pharynx-based swallowing tasks (Suzuki et al. 2003; Martin et al. 2004; Harris et al. 2005) , as predicted by the Penfield homunculus. Hence, one can hypothesize that the Rolandic operculum has a stronger association with the ''extrinsic'' laryngeal musculature than the intrinsic muscles (Vilkman et al. 1996) , muscles that also serve more general roles in tongue and pharyngeal functioning. In the Rhesus monkey, this part of the frontoparietal operculum is reciprocally connected with the larynx area, which itself is located more rostrally in the ventral premotor cortex Ju¨rgens 2002, 2005) . Further work is needed to clarify the role of this area in vocal production. However, in terms of the principal goal of this study, it is quite clear that it is the LPA, not the Rolandic operculum, that is the major motor region for voluntary control of the intrinsic musculature of the larynx. Activity here was Table 1 for the Talairach coordinates. These images (t maps) are thresholded to P \ 0.025, corrected for multiple comparisons using the false-discovery rate (t [ 3.96).
unequivocally present in all the subjects during both vocal-fold adduction alone and vocalization. The Rolandic operculum instead seems to represent tongue and pharyngeal muscles that double as extrinsic muscles of the larynx, which aid in pitch control through elevation and depression of the larynx as a whole (Vilkman et al. 1996) .
Discussion
By comparing nonvocal and vocal laryngeal tasks side by side, we have demonstrated for the first time the colocalization of these 2 types of activities in a larynx-specific region of the human motor cortex. We discuss here the function and somatotopic localization of this area in the context of vocal communication in humans.
The Principal Vocal Area
In this study, we have identified a putative larynx area of the human motor cortex and shown it to be the region of peak activity for vocalization as well. The common activation of this region for nonvocal and vocal laryngeal tasks suggests that the neural representation for adduction/abduction of the vocal folds is close to or the same as that for tensing/relaxing of the vocal folds. Although we observed 2 peaks of activation for the laryngeal tasks, our experiment did not permit us to ascribe functional differences to the two. Ro¨del et al. (2004) , using transcranial magnetic stimulation (TMS), were able to selectively stimulate the principal tenser or relaxer muscles of the vocal folds, a finding consistent with work in the monkey (Hast et al. 1974; see below) . Although some overlap in representation was found for the 2 muscles, the tenser (cricothyroid) showed a more medial scalp localization than the relaxer (thyroarytenoid). Further work will be needed to determine if the 2 areas of activation found in our study have different functional roles, perhaps in representing different muscles of the larynx. The TMS results of Ro¨del et al. suggest that this should indeed be the case, as does the fact that the cricothyroid muscle is innervated by a different branch of the vagus nerve than the other intrinsic laryngeal muscles.
Two voxel-based meta-analyses of neuroimaging studies of overt speech production have been published. Both of them showed peak activations for the motor cortex in the region of the LPA. Turkeltaub et al. (2002) published a meta-analysis of 11 studies of oral reading, and found the M1 activations to be at -48, -10, 34 and 44, -8, 32 (our conversion to Talairach), close to our ventromedial peak. Likewise, Brown et al. (2005) performed 2 parallel meta-analyses of 8 studies of oral reading in stutterers and fluent controls, respectively. The peak M1 activations for the control subjects were at -49, -9, 32 and 54, -10, 34, and those for the stutterers were at -45, -16, 31 and 48, -12, 32. The peaks from all these meta-analyses match our ventromedial LPA peak quite well. Interestingly, this region of the motor cortex was shown to be overactive bilaterally in stutterers compared with fluent controls, hence qualifying as a candidate region at which a functional anomaly may be present in stutterers. Fox et al. (2001) performed an analysis of the ''mouth'' region of the motor cortex that combined meta-analysis of 5 published studies of speech production along with a within-laboratory compilation of data from 3 previously performed studies. The consensus coordinates for the combination of all these data were at -46, -11, 35 and 48, -9, 35, again quite close to our ventromedial peak. Finally, a meta-analysis of 11 studies of overt singing (Brown S, Laird AR, Pfordresher PQ, Turketaub P, Liotti M., in preparation) found peak M1 activations in a similar location to these speech coordinates, though slightly dorsal at -50, -10, 40 and 54, -4, 38. This is closer to our dorsolateral region, but posterior to it.
It should be pointed out that although the standard Penfield homunculus reprinted in books shows vocalization ''smeared out'' across the orofacial region of the homunculus, there are indications that Penfield thought of vocalization as having a more discrete localization, such as in the image seen on p. 200 of Penfield and Roberts (1959) . In this image, vocalization is situated in the exact location that we have identified as the LPA, adjacent to the lip representation. Penfield and Rasmussen reported observing involuntary lip movements in half of the instances in which they elicited vocalization (p. 89). In addition, the region of the LPA is the location where Penfield and Roberts reported producing speech arrest in their patients (p. 123). Hence, whereas Penfield's work is only rarely cited in neuroimaging studies of speech and song (e.g., Guenther et al. 2006) , the current fMRI study is in many ways nothing more than Note: Stereotaxic coordinates and peak t-score values for activations in the glottal stop and phonation tasks as contrasted with rest. MNI coordinates generated using SPM2 were converted to Talairach coordinates using the WFU Pickatlas, except for the case of the cerebellum, in which case MNI coordinates have been retained due to location errors that occur with conversion. Brain atlas coordinates in Tables 1 and 2 are in millimeters along the left--right (x), anterior--posterior (y), and superior--inferior (z) axes. In parentheses after each brain region is the Brodmann area, except for the cerebellum, in which case the anatomical labels of Schmahmann et al. (2000) are used. STG, superior temporal gyrus; STS, superior temporal sulcus.
a validation of what Penfield et al. observed during brain stimulation.
In sum, neuroimaging data on overt vocalization, both spoken and sung, as well as Penfield's findings on both speech elicitation and speech arrest, suggest that the area that we have identified as the LPA is the major region for vocal control in the human motor cortex. Our data provide the first evidence that this region of the motor cortex is a larynx area and not some poorly specified ''mouth'' or ''face'' area. Such a finding should have strong implications for speech motor disorders, including Parkinsonian dysphonia (Liotti et al. 2003) , spastic dysarthria (Kent 2000) , spasmodic dysphonia (Grillone and Chan 2006) , anterior opercular syndrome (Bakar et al. 1998 , also known as Foix--Chavany--Marie syndrome), and aprosodia (Ross 1981) among others (Duffy 2005 ). As mentioned above, the LPA region has been shown to be overactive in stutterers compared with fluent control subjects performing the same vocalization tasks (Brown et al. 2005 ).
Perception as well as Production
Having characterized the role of the LPA in overt vocalization, we would like to examine its potential role in perception as Figure 2 . Group activations for the 4 oral tasks outside the motor cortex registered onto the MNI template brain; MNI z coordinates are given below each slice. These images are thresholded to P\0.025, corrected for multiple comparisons using the false discovery rate (t[3.96 for glottal stops and phonation, t[4.47 for lip movement, and t[4.36 for tongue movement). Notable is the activity in the SMA for all 4 tasks; the frontal operculum for all 4 tasks; the Rolandic operculum mainly in the tongue task but also more weakly for the lip and glottal tasks; area Spt in both the glottal and phonation tasks; the anterior STG (temporal pole; planum polare) in the phonation task only; the basal ganglia mainly with tongue and lip movement; cerebellar lobule VI in all 4 tasks; and cerebellar lobule VIII principally in the phonation task. SMA, supplementary motor area; Frontal operc. and FO, frontal operculum; Rolandic operc. and RO, Rolandic operculum; Spt, cortex of the dorsal Sylvian fissure at the parietal-temporal junction; aSTG, anterior part of the superior temporal gyrus; Put., putamen.
well. We will examine a convergence of auditory findings dealing with the overlap of passive perception, mental imagery, and perceptual discrimination in the larynx motor cortex.
Studies showing activation of the motor cortex during passive perception of acoustic stimuli are few in number. Wilson et al. (2004) demonstrated activation of the motor cortex during passive perception of meaningless monosyllables. The motor cortex coordinates reported for speech perception were at -50, -4, 43 and 54, -1, 41 (our conversion to Talairach), nearly identical to one of the 2 peaks shown for overt syllable production in the same study. As mentioned above, these 2 peaks match our LPA coordinates quite well. Next, Pulvermu¨ller et al. (2006) showed that passive perception of monosyllables beginning with either the labial consonant /p/ or the alveolar consonant /t/ stimulated the corresponding part of the PcG activated by lip or tongue movement, respectively. In a similar vein, Hauk et al. (2004) showed that the motor cortex could be activated in a somatotopic fashion when subjects passively read words that signified actions mediated by effectors controlled by those regions. Hence, words related to the mouth (e.g., lick) led to activity near the region activated during oral movement. Finally, studies using TMS have shown that listening to speech, as compared with listening to nonspeech sounds, increases motorevoked potentials in the lip muscles (Watkins et al. 2003; Watkins and Paus 2004) and tongue muscles (Fadiga et al. 2002) produced by magnetic stimulation of the motor cortex. Similar perceptual enhancements of motor excitability have been obtained for the hand area of the motor cortex (reviewed in Fadiga et al. 2005) . Altogether, these observations support the emerging ''cognitive'' view of the motor cortex (Georgopoulos 2000) .
Next, at least 2 studies of musical (phonatory) imagery have shown activation in or near the LPA. Halpern and Zatorre (1999) found activity in this region during tasks in which subjects heard the first part of a familiar tune and had to mentally image a continuation. The foci for this were at -48, -6, 41 and 51, -1, 47, the left-hemisphere focus being close to our dorsolateral site. A similar region, but in the left hemisphere only, was active when subjects listened to short melodies and had to imagine repetitions of those same melodies in their head. Next, Callan et al. (2006) examined the covert singing of familiar melodies (vs. rest) and found activity near the LPA at 53, -4, 37 (our conversion to Talairach; the coordinate for this analysis was obtained from the authors and is not reported in their paper).
Finally, studies of musical discrimination, which in principle have no explicit subvocalization component (as does imagery), have shown that when subjects perform same/different discriminations of pairs of melodies, the LPA is again activated at -43, -5, 40 and 43, 4, 38, (Gaab et al. 2003 , our conversion to Talairach) and at -48, -8, 38 and 50, 0, 34 (Brown and Martinez 2007) . For the latter study, the coordinates for discrimination matched very closely those for overt vocalization in the same subjects at -48, -8, 40 and 54, -6, 40 (Brown et al. 2004 ). Hence, the common activation of the LPA during passive perception, perceptual discrimination, vocal imagery, and vocal production suggests that this area mediates audition in addition to vocalization and hence audiomotor integration. Although further work will be needed to assess the validity of this hypothesis, similar arguments have been made regarding other somatotopic regions of the motor cortex (Fadiga et al. 2005; Pulvermu¨ller 2005) . It is worth pointing out that published work dealing with auditory mirror neurons (Kohler et al. 2002; Rizzolatti and Craighero 2004) has focused on the connection between audition and manually generated sounds. In our opinion, the most evolutionarily significant sensorimotor link for the human auditory system is without question the vocal system (Brown et al. 2004) and not the manual system. This is especially so given the unique capacity of humans among primates for vocal imitation and vocal learning (Brown 2007) .
One observation that emerges from this analysis is that covert tasks that do not have a direct vocal-motor component to them (such as perception, imagery, and discrimination) show a tendency for more dorsolateral activation peaks in the motor cortex, which might suggest that the dorsolateral LPA peak is more of a ''premotor'' area compared with a ''primary motor'' function of the ventromedial peak. However, about a third of the single subjects showed activations exclusively in the dorsolateral region during both glottal stops and phonation. Therefore, the premotor/motor distinction for the 2 LPA peaks cannot be the whole story.
Respiration
Perhaps the biggest potential confound in this study relates to our inability to control for the contribution of expiration to the activations in the laryngeal tasks (which were matched between themselves for expiration). In this regard, it is interesting to note that the single imaging study that has analyzed expiration (as compared with inspiration) found 2 distinct foci of activation in the motor cortex (Ramsay et al. 1993) . One was in the trunk region, in the same location to where inspiration was reported in that study. The second focus was, surprisingly, in the face area. Its coordinates were quite proximate to the LPA peaks reported in this study, namely -44, -4, 40 and 46, -2, 36. These results raise the possibility that there is an expiratory area very close to the larynx area, which might support respiratory/phonatory coordination during vocalization. Vocalrespiratory coupling is known to occur in the parabrachial nucleus of the pons in most mammals (e.g., Smotherman et al. 2006) . It is not unreasonable, therefore, to think that such a process could occur at the cortical level in humans. The fact that Penfield was able to elicit vocalization in his patients by stimulation of the ''face'' area of the PcG (i.e., independent of the trunk area) suggests that stimulation of this region must have been sufficient to generate the expiratory drive and subglottic pressure necessary for vocalization to occur. So although our study cannot adequately rule out the contribution of expiration to our activations (nor can any of the published studies of overt speech or singing for that matter), it is possible that there are both larynx and expiratory representations in this same region of the motor cortex. In support of this, Petrides et al. (2005) , in characterizing the homologue of Broca's area (area 44) in the Rhesus monkey, found that electrical stimulation of this region not only led to movement of oral effectors such as the lips and jaw but also elicited expiratory movements. One can speculate that the potential convergence of expiration, phonation, and articulation in regions such as the motor cortex and Broca's area would facilitate the coordination of effectors during vocal production, perhaps supporting coarticulation in humans.
Evolutionary Implications
A critical question is how our human data compare with what is known about the larynx representation in nonhuman primates. Just as with humans, knowledge about the cortical control of laryngeal function in nonhuman primates is quite sparse. Cortical representations for the intrinsic and extrinsic musculature of the larynx have been examined in only 2 monkey species and, to date, there is no evidence that such areas play any role at all in vocalization. Not only does stimulation of the cortical larynx area fail to elicit vocalization (Ju¨rgens 1974 ) but also lesions encompassing not only this area but also the entire orofacial region of the motor cortex have no major effect on spontaneous calling in squirrel monkeys. Likewise, lesioning of the cortical larynx area in Rhesus monkeys has no effect on conditioned calling (Sutton et al. 1974) . Hence, it has been suggested that the larynx area serves principally nonvocal laryngeal functions in monkeys (Simonyan and Ju¨rgens 2005) . In addition, important connectivity differences exist between humans and nonhuman primates such that humans are thought to have a direct connection between the cortical larynx area and the nucleus ambiguus (Kuypers 1958) , compared with an indirect connection in monkeys, where the primary projection is to the reticular formation (Ju¨rgens 1976 ). This direct connectivity in humans is reflected in the very short latencies seen for stimulation of the laryngeal muscles (on the order of 10 ms) by TMS (Ro¨del et al. 2004) .
The location of the larynx-controlling regions in both the Rhesus monkey and the squirrel monkey is quite different from that which we are reporting here for the human area. In both monkey species, the larynx area is located anterior to the PcG, in the opercular part of the premotor cortex, corresponding to the rostral part of area 6; this is considered to be a nontypical primary motor location even for the monkey Ju¨rgens 2002, 2005) . Hast et al. (1974) found distinct representations for the cricothyroid and thyroarytenoid muscles here, as well as regions of combined responses to both muscles. The cricothyroid responses were mainly in the region of the arcuate sulcus, with the thyroarytenoid responses being posterior to that. These types of studies have served as the basis for the assumption that the human larynx area is located in the most ventral part of the motor strip, perhaps near the Rolandic operculum Fong et al. 2004; Duffy 2005; Ludlow 2005; Guenther et al. 2006) . Our work has not led to a support of this assumption. Although we found activations in the vicinity of the Rolandic operculum in the current study, they seemed to be more strongly associated with tongue movement than the laryngeal tasks analyzed here. In addition, imaging studies of pharyngeal function during voluntary swallowing reliably show activity in this part of the homunculus, as predicted from the Penfield map. Hence, the Rolandic operculum might in fact represent the extrinsic, rather than intrinsic, muscles of the larynx. In support of this, Hast et al. (1974) localized the extrinsic muscles of the Rhesus monkey as being posterior to the intrinsic muscles, in the ventral part of the PcG, essentially the same location where they are found in humans.
The possibility exists, therefore, that the dorsal-posterior representation of the intrinsic muscles of the larynx-in the vicinity of the lip area of the PcG-is an evolutionary novelty and especially one related to the emergence of important human-specific features of communication, including 1) voluntary control of vocalization, 2) vocal learning based on vocal imitation, 3) coarticulation, and 4) the rapid oscillatory cycling between voiced and unvoiced sounds that is so characteristic of speech. Furthermore, and as mentioned above, the potential existence of an expiratory area in this same region of the motor cortex might be an additional novel feature supporting the coordination of respiration and phonation during human vocalization. This putative conjunction of respiration, phonation, and articulation in humans would be consistent with proposals of ''small world architectures,'' in which brain areas that are functionally linked tend to have short path lengths (Sporns and Zwi 2004) . Clearly, much work is needed to identify cortical larynx representations in nonhuman primate species in order to know whether the human area has undergone some kind of evolutionary migration to its current precentral location, along with associated connectivity changes to its branchiomotor targets. The existence of the rostral location of the larynx area in both an Old World monkey (Rheusus monkey) and a New World monkey (squirrel monkey)-despite 35 million years of evolutionary separationmight suggest that this is indeed the ancestral state for primates and that the human location is derived and novel. If so, this would be an important addition to the list of unique, evolved features of the human brain (Preuss 2004) . In this scenario, the representation for the extrinsic muscles has retained its ventral, precentral position, whereas that for the intrinsic muscles has migrated dorsally toward the lips.
Conclusions
We have searched for a representation of the intrinsic muscles of the larynx in the human motor cortex by comparing nonvocal and vocal laryngeal tasks, as well as articulatory tasks to provide a somatotopic context. We identified a part of the motor cortex adjacent to the lip area as being important for both nonvocal and vocal laryngeal tasks. An analysis of the neuroimaging literature strongly suggests that this is the principal region of the motor cortex controlling vocalization, both spoken and sung. It also appears to be a point of convergence between perception and production for audiovocal processing. Finally, the location of this area, compared with that of the larynxcontrolling region of the 2 monkey species in which it has been investigated, suggests that the human location is evolutionarily novel, perhaps related to the emergence of voluntary control of vocalization as well as vocal learning in humans.
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